OBJECTIVE-The NLRP3 inflammasome plays an important regulatory role in obesity-induced insulin resistance. NSAID activated gene-1 (NAG-1) is a divergent member of the TGF-β superfamily. NAG-1 Tg mice are resistant to dietary-and genetic-induced obesity and have improved insulin sensitivity. Our objective was to examine whether NLRP3 inflammasome activity is associated with this observed phenotype in NAG-1 Tg mice.
Introduction
Obesity and chronic inflammation are key contributors to insulin resistance and type 2 diabetes (1) . The mechanistic link between obesity-induced chronic inflammation and insulin resistance has been extensively investigated over the past decades. Accumulating evidence suggests that cytokines of the interleukin-1 (IL-1) family, particularly IL-1β and IL-18, are involved in obesity-associated inflammation and cause insulin resistance (2) . IL-1β treatment reduces the insulin-induced glucose uptake in murine 3T3 adipocytes (3) . During adipocyte differentiation, IL-1β strongly reduces the expression of the insulin sensitivity gene PPARγ, adiponectin, and GLUT4, and decreases adipocyte differentiation and fat accumulation (4) . In addition, IL-1β deletion protects against high fat diet (HFD)-induced adipose tissue inflammation (5) . Mice on a HFD show increased IL-1β protein levels in adipose tissue compared to low fat diet mice (6) . These results strongly suggest that IL-1β released from adipose tissue is associated with obesity and insulin resistance. Similarly, circulating IL-18 has been positively associated with increased risk of insulin resistance and type 2 diabetes (7, 8) . However, IL-18 or IL-18 receptor deficient mice were reported to exhibit hyperphagia and insulin resistance (9) , suggesting a more complex role for IL-18 in the homeostasis of energy intake and insulin sensitivity.
Pro-IL-1β and pro-IL-18 have no biological activity until they are processed by the cysteine protease caspase-1, which is activated by a multiprotein complex called the NLRP3 inflammasome (2) . Caspase-1 itself is activated by conformational changes in the NLRP3 inflammasome, consisting of caspase-1 and proteins of the NACHT-LRR (NLR) family, including NLRP3 (also called Cryopyrin) and the apoptosis-associated speck-like protein (ASC) (10) . Although NLRP3 is the most extensively studied inflammasome, other inflammasomes have been identified, including NLR family pyrin domain-containing 1 (NLRP1), NLRP6, AIM2 and IPAF (10) . Several studies link the activation of the NLRP3 inflammasome to metabolic disorders (11, 12) . Researchers have studied the role of inflammasome-dependent activation of caspase-1 in adipose tissue. Inhibition of caspase-1 by the specific inhibitor pralnacasan in obese ob/ob mice reduces weight gain and significantly enhances insulin sensitivity (4). In addition, mice genetically deficient for caspase-1 are protected against HFD-induced insulin resistance and obesity (4, 13) . Furthermore, mice deficient in NLRP3 and ASC are also resistant to development of HFDinduced obesity (11) . Collectively, these data suggest that the inflammasome NLRP3 is a central player in the induction of obesity and increased insulin resistance.
Nonsteroidal anti-inflammatory drug (NSAID) activated gene-1, NAG-1, is a divergent member of the transforming growth factor-beta (TGF-β) superfamily that plays a complex, but poorly understood role in several human diseases (14) . Previous studies from our laboratory suggest that the NAG-1 transgenic mouse, which ubiquitously over-expresses the human NAG-1 gene (hNAG-1), has reduced body weight and fat mass (15) . Recently, we found that NAG-1 Tg mice have increased glucose tolerance accompanied by increased oxidative metabolism and energy expenditure (submitted). Further, we found that NAG-1 Tg mice are resistant to both dietary-and genetic-induced obesity upon HFD treatment (submitted). These data suggest that NAG-1 plays a protective role in the development of obesity and insulin resistance.
NAG-1 Tg mice have a reduced inflammatory response to LPS exhibited by a reduction in the release of cytokines KC, IL-6, MCP-1 and TNF-α (16), suggesting a role for NAG-1 in inflammation. However, the role of the inflammasome in NAG-1 Tg mice has not been characterized. The similarity between the ASC and caspase-1 knockout mice, and NAG-1 Tg mice points to NAG-1 potentially having an effect on inflammasome. We suspected that a reduction in inflammasome activity could be a contributing factor to the resistance of NAG-1 Tg mice to dietary induced obesity and improved insulin sensitivity.
To test this hypothesis, we examined the activity of the NLRP3 inflammasome and inflammatory cytokine expressions, including IL-1β, IL-18, and TNF-α, under basal and HFD conditions in the NAG-1 Tg mice. A lower expression of NLRP3 proteins and a lower NLRP3 inflammasome activity was observed in the NAG-1 Tg mice fed with either low-fat or high fat diet. This finding provides a potential mechanism for the resistance of NAG-1 Tg mice to diet-induced obesity and improved insulin sensitivity.
Materials and Methods

Materials
Polyclonal TMS1 (ASC or PYCARD) was purchased from Cell Signaling (Danvers, MA). Polyclonal caspase-1 (P10) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA), and polyclonal NALP3 (NLRP3) was from Thermo Scientific (Cincinnati, OH). Taqman® Gene Expression Assay kits were all purchased from Applied Biosystems (Foster City, CA). Mouse leptin and adiponectin ELISA kits were from R&D (Minneapolis, MN) and insulin ELISA kit was from Alpco (Salem, NH).
Animal Study
NAG-1 transgenic mice were previously generated to ubiquitously express human NAG-1 using protamine Cre mice (15) on C57/BL6 background. Experiments were performed in accordance with the "NIH Guidelines for the Use and Care of Laboratory Animals" at the National Institute of Environmental Health Sciences (NIEHS) animal facility under an approved animal protocol. Both female and male mice at 30 week old on normal NIH31 chow diet were used for basal expression level of inflammatory cytokines and inflammasome components (n=5 to 6/ genotype for each gender). For the HFD study, 20 week old male or female mice (6/group per gender) were placed on LFD and HFD (10% and 60% kcal fat from Research Diets, New Brunswick, NJ) for 12 weeks. At endpoints, mice were euthanized by CO 2 . Body weights and abdominal WAT mass were measured. Abdominal WATs were snap-frozen in liquid nitrogen and stored at for further biological analysis. A small section of WAT was fixed in formalin for histology analysis. Due to the similarity between male and female mice only data from male mice are presented.
Real-time PCR
Total RNA from WAT was isolated using QIAzol reagent from Qiagen (Valencia, CA) and further purified using RNeasy kit according to instructions. Gene expression was analyzed using qRT-PCR as described (17) . GAPDH was used as the reference gene.
Western Blot
Western Blot was performed as previously described (17) . Briefly, a total of 45 μg protein from WAT was electrophoresed and transferred. After blocking, blots were probed overnight at 4°C with following antibodies, TMS1 (PYCARD), caspase-1 (P10), and NLRP3, at the dilutions as recommended by their manufactures. GAPDH was used for loading control.
ELISA Analysis
Serum samples were collected at necropsy. ELISA for mLeptin, mInsulin, and mAdiponectin were performed according to manufacturer's instructions.
Insulin Tolerance Test
Fifteen week old male WT or NAG-1 transgenic mice (8/genotype) were fasted 4 h before 0.8 U/kg insulin was intraperitoneally injected. Blood glucose was measured at the indicated time points via tail bleeding using Alpha Trak Glucometer from Abbot Laboratories (Chicago, IL).
Statistical Analysis
Data were analyzed by Dr. Grace Kissling at NIEHS Biostatistics Branch to determine the appropriate method and p-value (Student's t-test and Two-way RM ANOVA). The data is presented as mean ± S. E. and p value at 0.05 for statistical significance. 
Results
NAG-1 Tg mice have reduced body/WAT weight and reduced IL-18 and IL-1β expression
Expression of the components of the NLRP3 inflammasome are reduced in NAG-1 Tg mice
Because the NLRP3 inflammasome is recognized as an important regulator of the production of IL-18 and IL-1β, we measured the expression of the components of the NLRP3 inflammasome in WAT of NAG-1 Tg mice. As shown in Figure 2A , the relative gene expression levels of caspase-1 is significantly reduced by 48% in the WAT of NAG-1 Tg mice compared to WT littermates as determined by qRT-PCR. In addition, Western blot analysis reveals that the pro-caspase-1 expression (45kDa) is lower in NAG-1 Tg mice compared to WT littermates ( Figure 2B ). There is a dramatic reduction in the level of cleaved caspase-1 (10kDa) observed in WAT in NAG-1 Tg mice ( Figure 2B ), suggesting reduced caspase-1 activity in the NAG-1 Tg mice compared to WT mice. The mRNA expression of ASC (PYCARD) is reduced in NAG-1 Tg mice compared to WT littermates, but is not statistically significant. However, the expression of ASC is greatly reduced in the WAT of NAG-1 Tg mice compared to the WT littermates as determined by Western blot ( Figure 2B ). In contrast, neither the expression of NLRP3 at mRNA or protein levels was different in the WAT between NAG-1 Tg and WT mice (Figure 2A and 2B ). These data suggest that NAG-1 Tg mice have lower expression of key components of NLRP3 inflammasome and a reduced inflammasome activity.
Levels of proinflammatory cytokines are lower in NAG-1 Tg mice on HFD diet
We next examined whether the level of inflammatory cytokines are inhibited in WAT of NAG-1 Tg mice on HFD. We confirmed NAG-1 Tg mice are resistant to HFD-induced body weight gain and WAT mass gain ( Figure 3A, 3B) . As shown in Figure 3 , HFD significantly increased the mRNA level of IL-18, IL-1β and TNF-α in WAT compared to LFD in WT mice. The relative gene expressions of IL-18, IL-1β and TNF-α in the WAT are significantly lower in NAG-1 Tg mice on both LFD and HFD treatment compared to WT littermates ( Figure 3C-E) . Collectively, these data suggest that NAG-1 transgenic mice have reduced inflammation and may be regulated by NLRP3 inflammasome.
Levels of NLRP3 inflammasomes are reduced in NAG-1 Tg mice upon HFD treatment
Several studies suggest that HFD induces inflammasome activation and thus increases IL-1β production and increases insulin resistance (4, 12) . Therefore, we investigated the effects of NAG-1 on HFD-induced expression of the NLRP3 inflammasome in NAG-1 Tg mice. Similar to mice fed on chow diet, the relative expression of NLRP3 in WAT after HFD treatment is not significantly different between NAG-1 Tg mice and WT littermates as determined by qRT-PCR or Western blot, respectively ( Figure 4A, 4B) . In contrast, the expression of ASC is significantly reduced in WAT of NAG-1 Tg mice on HFD as determined by qRT-PCR and Western blot analysis ( Figure 4A, 4B ). An induction of ASC and caspase-1 expression at both mRNA and protein level by HFD treatment is observed in the WT mice ( Figure 4A, 4B) . HFD increases the expression pro-caspase-1 (45kDA) as compared to the control diet in WT mice, and increases the amount of cleaved caspase-1 (10kDA) in WT mice ( Figure 4B ). The expressions of pro-caspase-1 (45 kDA) and cleaved caspase-1 (10 kDa) in WAT are significantly reduced in NAG-1 Tg mice as compared to WT littermates ( Figure 4B ). The expression level of Caspase-1 at the mRNA level is significantly reduced in NAG-1 Tg mice on both the LFD (p<0.05) and HFD (p<0.001) compared to WT mice ( Figure 4A ). Thus, decreased protein and relative gene expression levels of caspase-1 and PYCARD, in the WAT of NAG-1 Tg mice, is consistent with the reduction in NLRP3 inflammasome activity and IL-18 and IL-1β expression.
NAG-1 Tg mice have improved insulin sensitivity and reduced macrophage infiltration
We next investigated whether NAG-1 Tg mice are more insulin sensitive upon HFD treatment than WT littermates. As shown in Figure 5A , NAG-1 Tg mice have significantly lower levels of leptin and insulin compared to WT littermates, suggesting that the transgenic mice are more insulin sensitive. HFD significantly increased serum leptin and insulin levels in WT mice compared to LFD WT mice ( Figure 5A ). In contrast, serum adiponectin level that inversely correlates with fat content and body weight (18, 19) , is significantly reduced upon HFD in WT mice. However, this reduction is attenuated in NAG-1 Tg mice though at a nonsignificant level ( Figure 5A ). Smaller adipocyte size has been linked to increased insulin sensitivity (Roberts et Figure 5B ). In addition, an insulin tolerance test indicates that NAG-1 Tg mice have lower blood glucose levels and are more insulin sensitive than their WT littermates ( Figure 5C ). During obesity, macrophages infiltrate into WAT and represent the largest population of NLRP3 expressing cells in WAT that release inflammatory cytokines. As shown in Figure 5D , HFD significantly induced gene expression of three key markers of macrophage infiltration into WAT in WT mice, including F4/80, CD11b and CD11c. The mRNA level of MCP-1, a gene which contributes to macrophage infiltration into adipose tissue and insulin resistance, is also significantly increased in WT mice upon HFD treatment ( Figure 5D, p<0.001) . Interestingly, the mRNA levels of F4/80, CD11b, CD11c and MCP-1 are significantly reduced in NAG-1 Tg mice compared to their WT littermates upon either LFD or HFD treatment ( Figure 5D ). Collectively, these data suggest that NAG-1 Tg mice inhibit macrophage infiltration into WAT, potentially playing an important role in inhibiting inflammasome activity and increasing insulin sensitivity.
Discussion
Accumulating evidence links inflammation to metabolic changes associated with obesity and type-2 diabetes (20) . Obesity is characterized by chronic imbalance between energy intake and energy expenditure, resulting in the storage of excess fat in WAT. Adipose tissue acts as endocrine tissue, secreting hormones and cytokines known as adipokines (21) . In obese conditions, adipose tissue is enlarged, leading to infiltration by macrophages, and an elevated inflammatory state occurs (22) . NOD-like receptors (NLRs) are reported to detect danger-associated molecular patterns (DAMPs) that derive from cells releasing proinflammatory cytokines (23) . Activation of the inflammasome complex leads to activation of caspase-1 and secretion of IL-1β and IL-18 and subsequent development of insulin resistance (23) .
In this study, we found lower NLRP3 inflammasome activity in NAG-1 Tg mice that appears to be the result of lower expression of key proteins in the NLRP3 complex. Procaspase-1, cleaved-caspase-1, and ASC expressions are significantly reduced in the NAG-1 Tg mouse. In the WAT, expression of IL-1β and IL-18 and TNF-α are lower in NAG-1 Tg mice consistent with a reduced caspase-1 activity. Furthermore, the expected increase in caspase-1 and ASC expressions after HFD feeding are attenuated in the NAG-1 Tg mice, and is accompanied by reduced expressions of IL-1β, TNF-α, and IL-18. Thus, decreased protein and relative gene expression levels of caspase-1 and ASC, in the WAT of NAG-1 Tg mice, is consistent with the reduction in the NLRP3 inflammasome activity. However, we could not rule out the possibility that the reduced NLRP3 inflammasome activities are simply due, in part, to reduced body weight and less WAT in NAG-1 Tg mice.
Both ASC and caspase-1 knockout mice have smaller adipocyte size and fat mass, increased insulin sensitivity, do not gain as much weight on a HFD despite similar food intake, and increased metabolic activity as compared to WT littermates (4, 11) . Similarly, NAG-1 Tg mice are resistant to HFD-induced obesity and demonstrate improved glucose utilization and increased insulin sensitivity. Adipocytes are also smaller in NAG-1 Tg mice compared to WT littermates, and smaller adipocytes are associated with improved insulin sensitivity (24) (25) (26) . The three key components of the NLRP3 inflammasome, ASC, caspase-1 and NLRP3 play important roles in sensing obesity-associated danger signals. However, caspase-1 seems to be the most crucial regulator (2). Caspase-1 and ASC knockout mice both are resistant to HFD-induced insulin sensitivity and adipocyte hypertrophy (2, 11) . However, NLRP3−/− mice show a modest response to HFD (2, 11) , suggesting that NLRP3 probably plays an indirect role. Consistently, we did not see significant changes in NLRP3 expression at protein nor mRNA levels in WAT of NAG-1 Tg mice regardless of dietary treatment. We observed a more dramatic and significant inhibition of caspase-1 expression and activity compared to ASC and NLRP3 in NAG-1 Tg mice. Our results show that considerable similarities exist between NAG-1 Tg mice and caspase-1-, and ASC-knockout mice in regard to the resistance to HFD and changes in the NLRP3 inflammasome activity.
Other than playing a role in obesity-induced chronic inflammation and insulin resistance through releasing IL-18 and IL-1β, caspase-1 has been shown to be involved in energy metabolism (11, 13) . Stienstra et al. found that caspase-1 deficient mice have increased energy expenditure, suggesting effects on adipocyte growth, differentiation and metabolism (4, 11) . In addition, caspase-1 played a direct role in the regulation of TG-rich lipoprotein and reduced intestinal fat absorption, metabolism that could contribute to the reduction in adipose tissue mass in caspase-1−/− mice, thereby limiting the availability of lipids for peripheral storage. (13) . Both increased energy expenditure and limited availability of lipids for peripheral storage may at least in part, explain the marked reduction in adipose tissue that was observed in the caspase-1 knockout mice. The NAG-1 Tg mice also have an increase in energy expenditure (submitted) suggesting a possible association with reduced inflammasome activity that was observed in NAG-1 Tg mice. Our study suggests that the NLRP3 inflammasome may play an important mechanistic role in the resistance of NAG-1 Tg mice to HFD-induced obesity and insulin resistance. This is the first study to examine a positive link between NAG-1 and inflammasome activity in an animal model. Results from our study suggest that NAG-1 may have potential therapeutic value in treating or preventing obesity and type-2 diabetes.
Obesity is associated with increased inflammation and macrophage infiltration in WAT. A wide variety of immune cells, including macrophages, are shown to infiltrate the adipose tissue and affect its homeostasis by releasing inflammatory cytokines, such as IL-1β (27) . Macrophages are the predominant cellular sources of IL-1β. Macrophages are recruited to adipose tissue during obesity and represent the largest population of NLRP3 expressing cells in fat (27) . Adipocytes are also capable of releasing inflammatory mediators and contributing to the inflammatory response. However, the NLRP3 inflammasome is expressed predominantly in circulating monocytes and tissue macrophage (28) . Here, we found that the expression of the key markers of macrophage infiltration into WAT, F4/80, CD11b, and CD11c, are significantly reduced in the NAG-1-Tg mice on either the LFD or HFD, suggesting NAG-1 inhibits macrophage infiltration into WAT. This decreased macrophage presence is consistent with reduced fat stores and smaller adipocyte size in NAG-1 Tg mice. MCP-1 is a key molecule that mediates macrophage infiltration (29) . Previously, we reported that the relative gene expression of MCP-1 is significantly reduced in NAG-1 Tg mice upon LPS stimulation (16) . In this study, we found the induction of MCP-1 upon HFD treatment was dramatically attenuated in NAG-1 Tg mice. Based on these observations, it would be interesting to speculate that NAG-1 may inhibit macrophage infiltration into WAT, thus decreasing the resources for NLRP3 activation upon danger signal stimulation and consequently reducing IL-1β activation, leading to increased insulin sensitivity and resistant to obesity as observed in the NAG-1 mouse model.
The effect of hNAG-1 on human obesity is unclear, with some studies showing a positive correlation between obesity and serum hNAG-1 levels, while others report a negative correlation (30) (31) (32) (33) . NAG-1 has been implicated in mediation of tumor-induced cachexia and weight loss. Johnen et al. report that elevated levels of NAG-1 observed in cancer patients appear to be related to cachexia (34) . Ding et al. report that NAG-1 mRNA level was negatively associated with body mass index and body fat mass in human subjects (30) . However, increased serum levels of NAG-1 are found in patients with obesity and type-2 diabetes (31). Circulating levels of NAG-1 are elevated in many health conditions including pregnancy, late stage cancer, and cardiovascular disease (14) . The exact role of NAG-1 during physiological and pathological conditions is still not clear. In contrast to the contradictory role for NAG-1 in humans, results from animal studies, in general, consistently show that NAG-1 plays an negative role in weight gain and obesity. Both our laboratory and others find that NAG-1 expression in mice reduced body weight and WAT (15, 16, 34) . In xenograft mouse models, nude mice with tumors expressing hNAG-1 show decreases in body weight and fat (17, 34) . We also found the NAG-1 Tg mice are resistant to both dietary-and genetic-induced obesity. However, the mechanism for the reduction of adipose tissue and body weight in mice by NAG-1 are complex and appears to be mediated by changes in the energy metabolism and a lower expression/activity of the NLRP3 inflammasome.
In conclusion, we examined the association between the NLRP3 inflammasome and weight loss and improved glucose utilization in NAG-1 Tg mice. Our results indicate that lower NLRP3 inflammasome activity may play a role in the resistance of NAG-1 Tg mice to dietinduced obesity and improved insulin sensitivity. NAG-1 may be an important regulator in the complex network controlling the development of obesity. Therefore, factors that control inflammasome activation may have therapeutic implications in the prevention and treatment of obesity and type 2 diabetes. 
